Background
When heat above 42°C is applied to the skin, there is a two phase response of the skin circulation [1] [2] [3] . In the first phase, a rapid increase in circulation is mediated by sensory nerves just after heat is applied [1, 3] . The initial vasodilation is believed to be mediated by substance P and/or calcitonin gene-related peptide (CGRP) or both [4] [5] [6] . This protects the skin from rapid changes in temperature that might cause damage [7] [8] [9] [10] . The neuropeptides are released when TRPV1 voltage gated calcium channels in skin tactile sensory receptors become active [11] . A sequence of amino acids near the C terminus of this receptor changes calcium permeability in a graded response with local tissue temperature [11] . The release of neuropeptides then causes relaxation of vascular smooth muscle. The sustained skin vasodilation that occurs after the first few minutes of heat exposure is mediated by nitric oxide released by activation of the enzyme endothelial nitric oxide synthetase due to calcium released by temperature sensitive TRPV4 channels in vascular endothelial cells [1, 3, 12] .
But ageing has an impact on skin blood flow. Numerous studies have shown that skin blood flow at rest is diminished with ageing [13] [14] [15] [16] [17] [18] [19] . Thus, it is of no surprise that heat tolerance is reduced with age [20, 21] . To understand the interaction between skin temperature and applied local heat, Pennes first modeled the influence of circulation on thermal transfer from the skin [22] . He noted that for a rapid application of heat, such as touching a scalding hot piece of iron, circulation cannot increase fast enough to protect the skin and so, the skin is only protected by the ability to conduct heat passively [22, 23] . Heat conduction in the skin depends on the water content of the skin, thickness of subcutaneous fat, and dermal epidermal thickness [22] [23] [24] . Associated with ageing, the skin dermal layer thickness thins due to the ageing process [25, 26] . Further, associated with ageing, subcutaneous fat thickens and thus, it is more difficult for heat to transfer out of the skin due to the high insulative capacity of fat [16, 26, 27] . But for sustained heat, complicating matters further, skin circulation is also impaired with ageing [16, [28] [29] [30] . Further, whereas the sustained response of the skin circulation to heat can be mediated by several compounds in younger individuals, in older individuals it is mainly nitric oxide that mediates vasodilatation in the skin [26] . The effect of age on the neuropeptide response to local heat application has not been investigated. It is of no surprise that older individuals are much more susceptible to skin damage, burns, and show slower healing [12] .
However, almost all studies on exposure of the skin to local heat have dealt with a single thermal exposure for both young and older people. The effect of daily exposure to local heat to see if there is any adaptation in the skin has not been published. This is in sharp contrast to studies of whole body heating. When an individual is placed in a hot environment either at exercise or at rest, there is whole body adaptation to heat including a reduction in the sodium content of sweat, increase in skin circulation in response to global heating and numerous other mechanisms mediated through the hypothalamic adrenal axis [31] .
Therefore, in the present investigation, we tested the hypothesis that there is acclimatization to the local application to heat which will be diminished with age. The study was conducted applying heat to the skin above the quadriceps muscle on 3 successive days in younger and older individuals. The parameters measured were skin temperature, skin blood flow, and to understand the thermal transfer of skin in younger and older individuals and on a day to day basis, a thermode was used to deliver a heat load to the skin. The thermode was calibrated such that the total caloric transfer to the skin could be assessed.
Material and Methods

Subjects
Twenty male and female subjects participated in these experiments. Their demographics are shown in Table 1 below. In the younger group, there were 5 men and 5 women while in the older group there were 6 men and 5 women. There was no statistical difference in the height. However, the weight and age were significantly higher in the older group than the younger group. The subjects were roughly equally divided between men and women in both the younger and older groups. Subjects were excluded if any individuals were taking alpha or beta antagonists or agonists, calcium channel blockers, or had any type of cardiovascular disease. All subjects were diagnosed free of diabetes. All experimental methods and procedures were explained to each subject who then signed a statement of informed consent as approved by the Institutional Review Board of Loma Linda University. 
Methods
Blood flow
Skin temperature
Skin temperature was measured with a thermistor manufactured by BioPac systems (BioPac Inc., Goleta, CA). The thermistor output was amplified with a SKT 100 Thermistor amplifier (BioPac systems, Goleta, CA) and the output was then digitized at 1000 samples per second on a BioPac MP150 data collection system (BioPac Systems, Goleta, CA). The output was digitized with 24 bits resolution and stored on an IBM computer for later analysis with the Acknowledge 9.1 computer software. Data analysis was done over 5 second periods as the mean temperature. Two other thermistor sensors were used to measure the inflow and outflow temperature of the thermode described below. The thermistors were calibrated at 30 and 45 degrees C before the series of experiments and after the series of experiments to ensure linearity and accuracy with the series of water baths at different temperatures.
Thermode
The device to warm and measure heat exchange into the skin was milled from a Plexiglas block which was 4×5×2 cm thick. The center was milled from the plastic block so that there was a final wall thickness in the center of 0.5 cm around the outside edges in the bottom of the chamber. A small area in the center which was 2×1 cm was not milled and a hole was drilled through this center section such that with two water ports on the inlet and outlet of the chamber, water would traverse the chamber while a laser would go through the center of the chamber and measure blood flow in the skin. The hole through the center of the chamber was 0.4 cm in diameter. The inlet and outlet mills were on opposite sides of the rectangular chamber and were 0.4 cm in diameter. A thermistor was inserted in the inlet and outlet valves such that the temperature of the water in and out of the chamber could be measured. Flow diverters were used inside the chamber to keep linear flow across the entire chamber. A thin brass membrane 0.1 mm thick was applied to the open section at the bottom of the chamber so that when in contact with the skin, heat would flow through the thin brass layer into the skin. The thin brass plate was glued with silicone rubber to the outside edge of the chamber and allowed to cure for 48 hours before use.
Subcutaneous fat and skin thickness
These were determined with a Sonasite 180 (Seattle Washington) using a linear L35 126 element probe at 10 Megahertz. A 0.5cm standoff was used under the probe and the probe was held vertical to avoid false echoes in the measurement of skin and subcutaneous fat thickness.
Measurement of skin moisture
Skin moisture was measured with a Corneometer 810 capacitance skin moisture meter (Courage Khazaka Electronics, Cologne, Germany). It determines the humidity level of the stratum corneum by measuring electrical capacitance. Alterations in skin hydration lead to a change in capacitance. The probe is applied to the skin for one second at a pressure of 7·1 N/cm 2 . The degree of skin capacitance is indicated from 1 to 100 units. One unit represents a water content of the stratum corneum of 0·02 mg/cm 2 , at a measuring depth of 20 nm. Very dry skin is <30; dry 30-45; sufficiently moisturized >45 units. Tissue capacitance is measured by applying electromagnetic waves at a frequency of 100,000 cycles per second to image the skin surface. It has been used extensively to evaluate the effect of different treatments on skin conditions.
Procedures
All subjects followed the same procedures. On a similar time of the day, subjects entered the lab and rested for 20 minutes in a thermally neutral room. Following this period of time, skin temperature and skin blood flow was measured above the quadriceps muscle (medial head). After a period of 1 minute, the thermode with inlet water temperature of 44 degrees C was placed on the leg for 20 minutes. During that period of time, two bubble levels were used to make sure that thermode was kept perfectly horizontal on the skin such that the laser would go through the center and record skin blood flow. After 20 minutes, the thermode was removed and post data was collected for an additional 5 minutes. The procedures were repeated on 3 consecutive days at approximately the same time of the day on a group of 10 younger and 10 older subjects.
Statistical analysis
Statistical analysis involved the calculation of means, standard deviations, and related and unrelated t tests. In addition, on some analysis, ANOVA was used. The level of significance was p≤0.05.
results
Response on the first day
During the 20 minutes of heat exposure and for 5 minutes after, there was a clear difference in the blood flow in the younger vs. older group of subjects as shown in Figure 1 . As shown here, the average blood flow for the younger group was 136.27±48.1 flux compared to 106.1±20.3 flux for the older group, significantly lower blood flow (p<0.05). This difference was maintained throughout the heat exposure. In the younger group, as shown in this figure, blood flow began to immediately increase such that it peaked within 2 minutes of exposure to heat. After that point, blood flow was essentially stable at an average of about 1000 flux throughout the remainder of the exposure period. After the thermode was removed, there was a slight reduction in blood flow, such that after 5 minutes, the average blood flow was 933.1±184 flux. In contrast, in older subjects, blood flow increased much more slowly and was only at its peak after 20 minutes of heat exposure averaging, at that point, 866.5±193 flux. As soon as the heat was removed, blood flow began to rapidly decrease and after 5 minutes, averaged 609.6±150.2 flux. Thus, at all points during heat exposure and rest, blood flow was significantly higher than in the older group (p<0.05).
In contrast, skin temperature, which started at an average in both groups at 33.1±0.9 degrees C, increased steadily after exposure to heat to a final average temperature for the two groups of 40.3±1.8°C. There was no statistical difference at any point during exposure to heat or recovery in the skin temperature between the two groups (p>0.05).
However, whereas skin temperature was the same, there was a difference in the number of calories necessary to increase skin temperature between the two groups. As shown in Figure 3 , the greatest number of calories consumed by the skin was in the first 90 seconds in both groups of subjects. However, the younger subjects required an average of 22.2±4.3 calories in the first 30 seconds whereas the older subjects only consumed 10.6±1.9 calories to warm the skin. Integrating the area under the curve for the entire exposure period in the younger subjects, the average number of calories over the 20 minute period was 7.1 calories per minute whereas for the older group of subjects it was 5.66 calories. This difference was statistically significant (p<0.01).
Effect of repeated heat
Younger group
The effects of repeated heat on the same three parameters as in Figures 1-3 are shown in Figures 4-6 respectively for the younger groups of subjects. In Figure 4 , for example, blood flow, which increased rapidly during the 1st day, increased much more slowly in the 2 nd and 3 rd day after heat exposure as can be seen in Figure 4 . There is no statistical difference between the blood flow response in days 2 and 3 whereas, during the first 15 minutes, blood flow was significantly higher in the 1st day than the other two days Data is shown for the 1 st day (diamonds), the 2 nd day of heat exposure (squares), and the 3 rd day of heat exposure (triangles). Each point illustrates the mean of 10 subjects ± the respective standard deviations.
(ANOVA p>0.05). In contrast, as shown in Figure 4 , skin temperature was the same at rest throughout heat exposure and during recovery during all 3 days. As shown in Figure  6 , the numbers of calories consumed at each time interval measurement was the same for day 2 and 3 and was significantly lower than day 1 in the younger group of subjects.
Repeat heat response in older subjects
The effect of repeat heat exposure on blood flow, skin temperature, and calories consumed by the skin is shown in Figures 7-9 for the older groups of subjects. As shown in these figures, there was no significant difference in the blood flow response between day 1, 2, and 3 ( Figure 7) , the skin temperature (Figure 8 ), or in the calories consumed by the skin to warm the temperature (Figure 9 ) (p>0.05).
discussion
Numerous studies have been conducted examining the whole body response to global heat and how the body acclimatizes depending to environmental temperatures and exercise [31] . Studies on the response to local heat generally examine a single heat exposure and the response to sustained heat. In one recent study, twelve healthy young subjects were studied to assess the effect of repeated heat at a maximum temperature of 41°C [32] . The duration of the Data is shown for the 1 st day (diamonds), the 2 nd day of heat exposure (squares), and the 3 rd day of heat exposure (triangles). Each point illustrates the mean of 10 subjects ± the respective standard deviations.
heat was 30 minutes. The results showed desensitization in the nitric oxide mediated vasodilatation at 2 hours but not 4 hours after local heat exposure. This nitric oxide desensitization has been shown in other tissues [33, 34] .
In the present investigation, this study was expanded in several ways. First, both younger and older subjects were examined. Second, a warmer temperature was used which elicits a duel response to heat mediated at first by neuropeptides and later by nitric oxide. In addition, the calories consumed by skin, blood flow and skin temperature were examined for 3 successive days of repeated heat exposure.
For younger individuals, there was an adaptation to repeated use of local heat from the 1 st to the 2 nd day. On the 1st day, there was a rapid increase in blood flow which was diminished on the 2 nd and 3 rd day. However, by 20 minutes exposure to heat, the blood flow response was the same each day. The greater number of calories consumed in the first few minutes of heat exposure in the 1 st day might well be accounted for in terms of the higher blood flow response seen in the skin. When Pennes first modeled the response of the thermal transfer characteristics of the skin to heat exposure [22] , he emphasized the major role of circulation in carrying heat from the skin. Certainly, the fact that circulation rose much quicker and to a greater extent in the 1st compared to the 2 nd and 3 rd day would account for the greater number of calories necessary to increase skin temperature. The high blood flows during the 1 st day would remove heat from the thermode and make it more difficult to raise skin temperature.
The mechanism for this faster increase in skin blood flow in the initial response but not sustained response to heat response in the 1 st day compared to the other 2 days may be linked to the fact that the skin blood flow increase to local heat is a two part mechanism. During the first 1-3 minutes, the increase in circulation following local warm heat exposure to a 44°C heat source, is mediated by TRPV1 voltage gated vanilloid receptors on tactile neurons [11] . These voltage gated calcium channels are not on endothelial cells but on sensory neurons. When they increase calcium flux in to the sensory neurons in response to warm skin temperature, they release the vasodilators substance P and calcitonin gene related peptide other vasoactive agents [11] . The initial response to heat is believed to be related to a change in membrane potential across these receptors [11] . These receptors adapt to heat and their membrane potential, due to potassium efflux from the neuron, subsides after a few minutes [11] . During these first few minutes, the neuropeptides diffuse to the blood vessels and mediate vasodilatation.
After this initial response, the increase in circulation is mediated by another type of voltage gated calcium channel, the TRPV4 channels. This channel is in the vascular endothelial cell and is also temperature sensitive. Its response is slower than the sensory TRPV1 channels and, in endothelial cells, the increase in cellular calcium, activates endothelial nitric oxide synthetase, allows for vasodilator release [1] . In younger individuals, 2 vasodilators are released due to a temperature increase, prostacyclin and nitric oxide [1, 3] . Thus, looking at the data in Figures 1-3 , it would appear that the enhanced response from the 1st day is most likely mediated by the TRPV1 channels. An enhanced response in these channels would account for the greater blood flow in the 1 st day in the first minute after heat was applied whereas the fact that blood flows were similar in day 1, 2, and 3 toward the end of the heat exposure would seem to indicate that the other vasodilator pathway mediated by TRPV4 vanilloid channels remains unaffected by daily heat exposure. Thus, some type of adaptive mechanism is probably found in the TRPV1 channels that alters the response after the 1 st day of heat exposure. A recent study has provided evidence that oxidized linoleic acid metabolites increase the temperature sensitivity of TRPV1 channels [35] . Perhaps this pathway adapts to repeated exposure with impaired linoleic acid production due to free radical oxidation and reduces thermal sensitivity. The results then are in agreement with the study by Ciplak et al. [32] . The sustained response (nitric oxide mediated) was not altered with 24 hours between exposure to heat as found in this study after 4 hours of repeated heat exposure.
However, in older individuals, the blood flow response was slower and of less amplitude than seen in the younger individuals for all 3 days. Although there was no statistical difference in the skin temperature response to heating in older individuals in days 1, 2, and 3, the blood flow response was of less amplitude and sluggish compared to the younger individuals. This would seem to indicate that part of the ageing impairment in increasing skin circulation to heat would be a defect in the TRPV1 channels since the initial response to heat was slower in older vs. younger people and unaltered by repeated daily heat exposure. There is evidence that sensory neurons loose sensitivity with the ageing process [36] . TRPV1 loss of sensory function to thermal stimuli with age may be related to age related loss in the ability to oxidize linoleic acid in other parts of the nervous system [37] [38] [39] . Since the thermo-sensitive properties of TRPV1 channels have been linked to oxidation of linoleic acid [35] , a loss of this function with age would disrupt thermal sensitivity. For the sustained heat response of the skin circulation, there has been ample documentation that the TRPV4 temperature channels on vascular endothelial cells and the nitric oxide pathway in particular show senescence with ageing [40] . Prostacyclin, a major dilator in younger individuals is largely replaced by nitric oxide for dilation to local heat in older individuals. This may explain the lower absolute amplitude in circulation in response to heat after 15 or 20 minutes as shown in the older compared to the younger individuals. However, the sluggishness with which the circulation increases, would certainly show an ageing effect on the TRPV1 channels which has not been reported as of yet. The low circulation and the similarity of the circulation of days 1, 2, and 3 would therefore, using the Pennes model, explain why the number of calories transferred to the skin is the same after day 1, 2, and 3 for older individuals. However, the smaller increase in circulation and absolute increase in circulation throughout the heat exposure would also then explain why for younger individuals; many more calories were transferred into the skin since the thermal coefficient of the skin with a lower circulation would allow the skin to heat up with fewer calories than for younger individuals.
Thus, it is of no surprise then, that older individuals are much more susceptible to thermal injury given the fact that the circulatory response is sluggish in terms of its ability to protect the skin from a caloric heat load. Sustained temperatures even at a moderately low level (e.g. 42-45°C) would heat the heat skin up very readily. In the present experiment, a thermode was used where the temperature was clamped by the water in the water jacket of the thermode. In a real life situation, this would not be the case. With a higher temperature applied to the skin such as a warm heat pack, where temperature is substantially higher 43-44°C, skin temperature would climb rapidly with very few calories and lead to burns much more readily in younger individuals. Questions unanswered are the duration of this adaptive response; would 2 days between exposures return the skin response to normal. Is the response greater if heat is applied 4 hours apart? These must be answered in future studies. conclusions 1. The rate of rise in skin blood flow immediately after the application of local heat is reduced with ageing.
2. Skin blood flow during a 20 minute heat exposure is reduced with ageing.
3. In younger individuals, there is an adaptive mechanism in the skin blood flow response to repeated heat exposure not seen in older individuals; the initial rapid response to heat is lost when heat is applied 24 hours apart.
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